Understanding of the signal transduction pathways that lead to B cell development is of extreme interest to learn how alterations in these pathways might initiate malignant transformation. B cells exhibited a transformed phenotype, as indicated by BCL-6 expression, a high Ki-67 proliferation index, resistance to IL-7 deprivation-induced apoptosis, and an increased repopulation rate in NOD/SCID mice. These data show the characterization and generation of a novel murine leukemia model with many similarities to human ZAP-70 þ B cell chronic lymphocytic leukemia.
The molecular mechanisms underlying the transformation of noncommitted cells such as progenitor (pro)-B cells have been studied only marginally. Increasing evidence indicates that some malignant cells arise from a small population of uncommitted cells that undergo mutations, which alter normal commitment processes and survival (Pardal et al., 2003) . Analysis of the molecular mechanisms leading to apoptosis and lineage commitment is thus of considerable interest.
De novo generation of pro-B cells in bone marrow (BM) is strictly controlled by a large number of molecular mechanisms.
) retain the immunoglobulin (Ig)-m heavy (H) chain locus in the germline configuration, showing rearranged D H and J H segments (Hunte et al., 1998) . These cells develop into pro-B cells when they acquire B220 high CD24
high and show low c-kit levels (Hardy et al., 1991; Rolink et al., 1994) . Later in B lymphopoiesis, pro-B cells begin to rearrange the V H and D H -J H segments, generating the Ig-m chain; this stage is considered early pre-BI (Rolink et al., 1996) . CD19 and CD25 are then upregulated, as are the surrogate light chain l5 and V pre ; this latter process allows Ig-m chain export to the membrane, forming the pre-B cell receptor (pre-BCR) complex at the pre-BII stage (Rolink and Melchers, 1991) .
To date, the earliest identified regulators of B cell development are the EBF and E2A proteins (Murre et al., 1989; O'Riordan and Grosschedl, 2000) . Mice lacking the E2a or Ebf genes show complete lack of pre-B cells (Bain et al., 1994; Zhuang et al., 1994; Lin and Grosschedl, 1995) . Moreover, EBF and E2A transcription factors are required for expression of Pax-5, l5, V preB , Blk, IL-7R, TdT, Rag-1 and Rag-2 (O'Riordan and Grosschedl, 2000) .
The ability of cultured early pre-BI cell clones to differentiate into IgM þ B cells after transplant into immunodeficient mice recapitulates some steps of the B cell differentiation program (Rolink and Melchers, 1991) . This B cell differentiation model also has the advantage that it is easily managed, offering a suitable model for exploring critical checkpoints involved in apoptosis, lineage commitment and malignant transformation. We recently described a similar reconstitution assay, in which long-term cultured early pre-BI/GFP To study the mechanisms involved in the lack of sustained equilibrium in our B cell differentiation model, we isolated the GFP Figure 2a ). To assess whether IgM þ GFP þ B cells are sensitive to IL-7 deprivation-induced apoptosis, they were cultured in IL-7, and subsequent IL-7 deprivation-induced apoptosis was studied by time course analysis ( Figure 2b) ; parental early pre-BI/GFP cells were used as a control. Our data indicate that the transplanted cells acquired intrinsic resistance to apoptosis during the reconstitution process in NOD/SCID mice, suggesting that transformation mechanisms are activated after long-term reconstitution.
We used DNA microarray techniques to study the set of genes modulated during long-term transplant in early pre-BI/GFP cells, comparing gene expression profiles between parental early pre-BI/GFP cells and IgM þ GFP þ B cells. Data analysis showed marked differences (>10-fold) in a group of 14 genes, of which seven showed upregulation and seven downregulation ( Figure  3a, b) . B cells are distinguished from other lineages by their ability to rearrange the Ig loci and by Cd19 expression (Stamenkovic and Seed, 1988; Kozmik et al., 1992) . In accordance with this, we detected Cd19 among the genes overexpressed in IgM (Figure 3a) , confirming the data in Figure 1 and validating the DNA microarray experiment. Analysis of the microarray results showed upregulation of zetaassociated protein 70 (ZAP-70; Figure 3a ), a member of the Syk family of tyrosine kinases previously reported to be expressed exclusively in T and NK cells (Chan et al., 1994) . We analysed ZAP-70 protein in Western blot in IgM þ GFP þ B cell extracts, using early pre-BI/GFP cell extracts as control. VAV was used as a loading control. We detected ZAP-70 expression in IgM þ GFP þ B cells (Figure 3c) , showing that early pre-BI/GFP cells express ZAP-70 after long-term transplant in NOD/SCID mice. Microarray analysis indicated upregulation of Bcl-6 mRNA in human B-CLL cells (Klein et al., 2001) . Our analysis indicated an increase in BCL-6 protein expression in ZAP-70 þ IgM þ B cells compared to parental early pre-BI cells (Figure 3c ). We also observed that BCL-6 protein migrated as a broad 92-98 kDa band (Figure 3c ), possibly due to BCL-6 phosphorylation and subsequent degradation by the ubiquitin/proteasome pathway (Onizuka et al., 1995; Niu et al., 1998) . Our data thus indicate that, similar to B-CLL cells, ZAP-70
þ B cells also upregulate BCL-6 protein. To explore additional similarities to human B-CLL cells, we examined CD38 and CD27, also hallmarks of human B-CLL cells (Ranheim et al., 1995; Ibrahim et al., 2001; Klein et al., 2001) . We used anti-mouse CD38 and CD27 antibodies for FACS analysis in ZAP-70 þ IgM þ B cells; neither CD38 nor CD27 were expressed in murine ZAP-70 þ IgM þ B cells (not shown). This reflects differences between our murine B-CLL model and some human B-CLL.
To examine ZAP-70 function in ZAP-70 þ IgM þ B cells, we evaluated its association with the B cell receptor (BCR) after stimulation. We analysed ZAP-70 association with IgM in ZAP70 þ IgM þ B cells after BCR crosslinking. After BCR crosslinking with anti-m antibody (30 min), we prepared cell extracts and immunoprecipated the BCR complex using protein-A/G. Western blot analysis showed significant ZAP-70 association with the BCR complex after BCR crosslinking (Figure 3d ). The association between ZAP-70 and the BCR complex suggests that ZAP-70 may lower the BCR signaling threshold, allowing an increase in BCR signaling (Chen et al., 2002; Orchard et al., 2004) .
To further explore their capacity to induce malignant transformation, we transplanted ZAP-70 þ B cells into NOD/SCID mice, using ZAP-70 À early pre-BI/GFP cells as control. At 3 months post-transplant, we detected B5-fold greater spleen size in ZAP-70 þ B cellthan in ZAP-70 À early pre-BI/GFP cell-transplanted mice (Figure 4a ). FACS analysis showed that B60% of spleen cells were GFP þ in ZAP-70 þ B cell-transplanted mice, whereas B35% GFP þ cells were found in ZAP-70 À early pre-BI/GFP cell-transplanted mouse spleens. These results indicate that ZAP-70 þ B cells have a greater repopulation efficiency than ZAP-70 À early pre-BI cells. We also identified expression of the surface markers B220, CD19, CD25, CD43, IgM, IgD and IgG in GFP þ cells from ZAP-70 þ B cell-transplanted mice, whereas IgD expression was not detected in GFP þ cells from ZAP-70 À early pre-BI cell-transplanted mice (Figure 4a ). Since human B-CLL cells are also characterized by Ki-67 expression (Musto et al., 1990; Cordone et al., 1992; Astsaturov et al., 1997) , we examined Ki-67 protein in spleen sections from ZAP-70 þ B cell-and ZAP-70 À early pre-BI/GFP celltransplanted mice. Ki-67 expression was detected in ZAP-70 þ B cell-transplanted mouse spleens, whereas staining was negligible in spleens from ZAP-70 À early were transplanted into 300 Gy-irradiated NOD/SCID mice. After 3 months reconstitution, spleen GFP þ cells were analysed by FACS. Staining was performed with biotin-conjugated anti-B220, -CD19, -CD25, -CD43, -IgD, -IgG, and -IgM antibodies. Anti-CD3, -Ter-119 and -Mac-1 antibodies, as well as streptavidin-SPRD alone, were used as negative controls (not shown). Results are representative of at least three independent experiments. (b) Spleens were fixed in 5% formalin (2 h), then embedded in paraffin and sectioned (4 mm). After paraffin removal, samples were treated with 3% H 2 O 2 in 70% methanol, followed by microwave treatment in 10 mM sodium citrate buffer. Ki-67 nuclear antigen expression was analysed Figure 3 Gene expression profile comparison of parental early pre-BI/GFP cells and IgM þ GFP þ B cells. (a) Total RNA was extracted from frozen cell pellets followed by poly(A) þ RNA purification. Yields from B5 Â 10 7 cells were in the range of 250 and 2 mg of total and poly(A) þ RNA, respectively. Poly(A) þ (1 mg) was converted into a double-stranded oligonucleotide using a T7-(dT) 24 primer incorporating a T7 RNA polymerase promoter. Biotin-labeled cRNA was synthesized from 1 mg of double-stranded cDNA, purified and fragmented by heating (941C, 35 min) in 40 mM Tris-acetate, pH 8.1, 100 mM KOAc and 30 mM MgOAc. Fragmented cRNA (50 mg) was hybridized with a Murine Genome U74Av2 Array (Affymetrix) containing 12 000 expressed sequence tags (EST) that represent B6000 sequences. Hybridization was performed (451C, 16 h) in 100 mM MES, 1 M Na þ , 20 mM EDTA, 0.01% Tween 20, 0.1 mg/ml herring sperm DNA and 0.5 mg/ml acetylated BSA. After washing the hybridization mixture, the array was stained with streptavidin-phycoerythrin and biotinylated goat anti-streptavidin antibody in the Affymetrix fluidics stations using the manufacturer's standard procedures. Arrays were scanned using an Agilent GeneArray Scanner and collected data analysed using MAS 4.0 software. Comparison of the genes up-and downregulated in parental early pre-BI/GFP and IgM þ GFP þ B cells are shown. (b) The intensity for each gene was calculated based on mean PM-MM (perfect match-mismatch) values. A given transcript is considered to show specific hybridization if values for PM-MM are positive, as PM-MM values are proportional to transcript concentration in an RNA population (Lockhart et al., 1996) . The average intensity difference between two independent experiments was used to calculate the x-fold changes represented in the figure. Genes showing differences >10-fold are illustrated. (c) Western blot analysis was performed using anti-ZAP-70 and -BCL-6 antibodies to confirm ZAP-70 and BCL-6 expression in IgM þ GFP þ B cells, using early pre-BI/GFP cell extracts as control; VAV was used as a loading control. (d) Cells (10 7 ) were lysed in buffer A (20 mM triethanolamine, pH 8.0, 300 mM NaCl, 2 mM EDTA, 20% glycerol, 1% digitonin, with 10 mM sodium orthovanadate, 10 mg/ml leupeptin, and 10 mg/ml aprotinin; 41C, 30 min), then centrifuged (15 000 g, 15 min). Lysates were incubated on a protein A/G-agarose column (41C, 2 h). After washing in buffer A, bound material was eluted in 10 mM Tris, pH 7.5, 1% SDS and 100 mM 2-mercaptoethanol. Western blot analysis was performed using anti-ZAP-70 and anti-mouse Ig ZAP-70 expression in B cells after transplant in NOD/SCID mice A Ruiz-Vela et al
